The nucleotide sequence of the small (S) RNA segment of Akabane (AKA) bunyavirus was determined. The segment is 858 nucleotides long and contains two overlapping open reading frames (ORFs), which encode the nucleocapsid (N) and nonstructural (NSs) proteins, consistent with other bunyaviruses. Comparisons with the Aino virus S RNA sequence indicated that there is 73n5 % identity in nucleotide sequence. However, the sequence identity of the 5h non-coding region of the genomic RNA between these two viruses is only 55 %. The N ORFs from 20 Japanese and 2 Australian isolates of AKA virus were sequenced and subjected to phylogenetic analysis. This suggested that AKA virus has evolved in multiple lineages. Twenty-three isolates were grouped into three major clusters, and the cluster which includes recent isolates was subdivided into two branches. Thus, phylogenetic analysis of the AKA virus N protein gene gives a greater insight into bunyavirus evolution.
Bunyaviruses have been divided into 18 serogroups on the basis of neutralization and complement-fixation (CF) tests. The viruses are characterized by a genome consisting of three unique species of single-stranded negative-sense RNA, designated L (large), M (medium) and S (small). Genetic studies have shown that the S RNA encodes the nucleocapsid (N) protein, which acts as a CF antigen, and a nonstructural protein (NSs). The M RNA encodes the two envelope glycoproteins, G1 and G2, and a second nonstructural protein (NSm). The L RNA encodes the large virion protein, L, which has replicase and transcriptase activities (Bishop, 1990 ; Elliott, 1990 ; Elliott et al., 1991 ; Jin & Elliott, 1993) .
Akabane (AKA) virus was first isolated in the central part of Japan in 1959, and was classified in the Simbu serogroup of the Author for correspondence : Hiroomi Akashi.
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genus Bunyavirus. AKA virus has been shown to cause abortion, stillbirth, premature births and foetal deformities in cattle, sheep and goats (Inaba & Matumoto, 1990 ; Parsonson & McPhee, 1985) . Epizootics of congenital arthrogryposishydranencephaly (AH) syndrome caused by AKA virus have been observed in several countries of the Middle and Near East, Australia and Japan (Inaba & Matumoto, 1990 ). Several AKA virus isolates which have different neutralizing activity from the prototype strain (JaGAr39) have been isolated in Japan recently (Y. Goto, K. Yoshida & T. Tsuda, personal communication). However, our previous studies on the antigenicity of AKA virus using monoclonal antibodies revealed that there was no significant correlation between the date and place of isolation of these viruses and their reactivity with monoclonal antibodies (Akashi & Inaba, 1997) .
To analyse the evolution of AKA virus in the field, we determined the complete S RNA sequence of the OBE-1 strain of AKA virus and sequenced the N-coding region of 22 AKA field isolates including 2 Australian isolates.
The 21 Japanese isolates of AKA virus, including the OBE-1 strain, and 2 Australian AKA isolates used in this study are shown in Table 1 . The viruses were grown three times and plaque-cloned once in monolayers of HmLu-1 cells (Kurogi et al., 1977) . To obtain total viral RNA preparations, the viruses were purified by sucrose gradient centrifugation as described elsewhere (Akashi & Inaba, 1997) . Virion RNA from the OBE-1 strain was extracted from purified virus by addition of SDS followed by phenol extraction, and recovered by ethanol precipitation. Total RNA was resolved on a 1 % low-gelling temperature agarose gel containing 10 mM methylmercuric hydroxide (Bailey & Davidson, 1976) . After ethidium bromide staining, the band containing the S RNA was cut out, melted and extracted with phenol. The RNA was then precipitated with ethanol.
Five µg purified S RNA was polyadenylated at the 3h terminus using ATP and polyadenylic acid [poly(A)] polymerase according to the method of Sippel (1973) . The poly(A)-tailed S RNA was purified on a Sephadex G-50 column, and double stranded (ds) cDNA copies were synthesized with oligo(dT) "# -") using a cDNA synthesis kit (Amersham). The synthesized ds cDNA was tailed with deoxycytidylic acid by terminal deoxynucleotidyl transferase, and cloned into PstI-cut, dG-tailed pBR322 (Bethesda Research Laboratories). After the transformation of MC1061 cells, clones containing virus inserts were recovered and screened by hybridization using a shortcopy cDNA probe (Bishop et al., 1982) . The largest clone (789 nucleotides long) was sequenced by the method of Maxam & Gilbert (1980) . As the first attempt at S cDNA synthesis gave us an incomplete sequence, we used RT-PCR to clone the rest of the S cDNA. It has been reported that viruses belonging to the genus Bunyavirus have complementary terminal sequences, with one mismatch at position 9 (U and G) (Elliott, 1990 ; Elliott et al., 1991) . Our sequence data for Aino S RNA Fig. 1 . Phylogenetic tree of the 23 AKA virus isolate N protein genes. Distance matrices were estimated by the three parameter method (Kimura, 1981) and the tree was constructed by the neighbour-joining method. Percentage bootstrap values calculated from 500 resamplings are indicated above the internal branches.
revealed that the 3h and 5h ends were similar in sequence for approximately 25 residues with one mismatch at position 9 and a single nucleotide addition at position 10 from the 5h end of genomic sense RNA (Akashi et al., 1984) . Thus we synthesized two 5h end reverse primers, one a common bunyavirus type (AKSRS : 5h AGTAGTGTGCTCCAC) and the other an Aino type (AKSRL : 5h AGTAGTGTGGCTC-CAC). The 5h end of AKA S RNA was amplified using a forward primer (AKSF19 : 5h TAACTACGCATTGCAATG-GC) corresponding to residues 19-38, which contains the first ATG triplet, and the two reverse primers (AKSRS and AKSRL). RT-PCR was performed using the GeneAmp thermostable rTth reverse transcriptase RNA PCR kit (Perkin-Elmer Cetus) in a final volume of 100 µl for 25 cycles at 94 mC for 30 s, 55 mC for 30 s and 72 mC for 1 min. The amount of the RT-PCR product synthesized using AKSRS as a reverse primer was fourfold more than when using primer AKSRL (data not shown). From the results of RT-PCR, we concluded that the 5h end sequence of AKA viral S RNA is … CACCUCGUGU-GAUGA. Therefore, the RT-PCR product obtained with AKSF19 and AKSRS as the forward and reverse primers was directly cloned into the plasmid vector pCRII using the TA cloning kit (Invitrogen) and its sequence determined using a 373S DNA sequencer (Applied Biosystems). Five clones were sequenced and an 840 nucleotide sequence was determined, which corresponded exactly to the previous sequence data.
The OBE-1 strain of AKA virus has an 858 nucleotide long S RNA sequence which has two overlapping open reading frames (ORFs) similar to other bunyaviruses. The AKA viral complementary sequence S RNA has a short 5h non-coding region (NCR) of 33 nucleotides and a longer 3h NCR of 123 nucleotides. The 5h complementary and sense RNAs of AKA virus were similar in sequence for 25 residues with only a single nucleotide gap in the 5h end of the complementary sense RNA at position 17. Finally, 22 out of the 24 terminal nucleotides at the 3h end of the deduced AKA S sequence were complementary to the 5h end, showing greater terminal sequence similarity to other bunyaviruses (Akashi & Bishop, 1983 ; Bishop et al., 1982 ; Bowen et al., 1995 ; Dunn et al., 1994 ; Elliott, 1989 ; Elliott & McGregor, 1989 ; Gerbaud et al., 1987) than to Aino virus (Akashi et al., 1984) .
Comparison of the S RNA sequences of AKA and Aino viruses indicated that there were a total of 214 nucleotide substitutions, with 11 nucleotide additions in the AKA sequence and 3 in the Aino sequence. All of these additions were in the 5h (only one in the Aino sequence) or 3h NCRs of the viral complementary sense RNA. Overall sequence identity between the S RNAs of AKA and Aino viruses was 73n5%. In contrast, the nucleotide sequences of the 3h NCR of these two viruses showed greater variability, and identity was reduced to 55 %. Examination of the Aino S sequence after the termination codon of the N protein gene revealed that there were three stretches of C residues in the 3h NCR in the viral complementary sequence. In contrast, the AKA S sequence had two long stretches of U residues instead of C. These findings differ markedly to other bunyaviruses, which have a conserved sequence at the 3h NCR of the complementary sequence. The AKA N primary gene product is composed of 233 amino acids and the NSs has 91 amino acids. Amino acid sequence identity between AKA and Aino viruses was 82n4 % for N and 63n4% for NSs.
From the complete S RNA sequence a reverse primer containing the termination codon of N protein (AKSR740 : 5h TAAGCTTAGATCTGGATACC) was synthesized. cDNAs were amplified from RNAs obtained from purified virions of 22 AKA field isolates by RT-PCR using primers AKSF19 and AKSR740 and at least five clones were sequenced as described above. All the sequence data were deposited in the DNA Data Bank of Japan (DDBJ) and the accession numbers are shown in Table 1 . The phylogenetic relationships of 23 AKA field isolates, including two Australian viruses, were determined. The percentage N ORF nucleotide sequence identity among 23 AKA isolates varied from 93n0 % to 100 % and deduced amino acid sequence identity ranged from 97 % to 100 % (data not shown).
A phylogenetic tree was constructed by the neighbourjoining method (Saitou & Nei, 1987) . Analysis revealed that the 23 AKA field isolates could be divided into three clusters, and that the second cluster was subdivided into two branches. The first cluster (I) includes the prototype AKA virus, JaGAr39 strain, the isolates recovered from a large outbreak of AH syndrome in 1974, including the OBE-1 strain, and some of the recent isolates. The second cluster consisted of two branches, one (IIa) containing isolates from the same prefecture (Kagoshima) on the southern island isolated in 1984, the other (IIb) containing viruses isolated between 1982 and 1990 from various places on the same island. The two Australian isolates were placed in the third cluster (III) and showed considerable divergence from all the other Japanese isolates (Fig. 1) . These results suggest that AKA viruses have evolved in multiple lineages and may have arrived in Japan from other countries on more than one occasion. This might explain the antigenic diversity detected in recent field isolates.
Interestingly, the N-coding region of the FO-90-3 strain isolated in 1990 in the southern part of Japan has exactly the same nucleotide sequence as that of the JaGAr39 strain isolated in 1959 in the central area. It seems unlikely that this strain is a laboratory contaminant or reassortant because the laboratory which isolated the virus and our laboratory mainly use the OBE-1 strain (for serological surveys) and the FO-90-4 strain (isolated in the same laboratory and same year), which has a longer passage history than the FO-90-3 strain belonging to a different lineage. Among influenza viruses, which are also segmented negative-sense RNA viruses, there are some strains that have very similar nucleotide sequences despite long intervals between their isolation dates (Buonagurio et al., 1985 (Buonagurio et al., , 1986 Endo et al., 1992) . The evolutionary mechanisms of AKA virus may be similar to those of influenza viruses. To obtain a full understanding of AKA virus evolution, more sequence data on not only the S segment but also the other segments will be needed.
